The shallow subsurface in the Guanyinyan study area, China, is characterised by extensive fractures which are oriented NE, NW and EW. These fractures have lengths of about 200 to 300 m, and are spaced at about 1 to 7 m from each other. The bedrock is sandstone and mudstone overlain by a thin veneer of weathered rock and soil. These fractures are important from a hydrological perspective because the building of a dam is planned at this locality.
Introduction
A number of non-invasive geophysical techniques, such as resistivity and electromagnetics, have been developed to explore for fractured aquifers in areas where bedrock is overlain by soil of variable thickness. However, these methods have limitations. As both methods are sensitive to landscape and near-surface conductivity, and do not generally work well in humid, mountainous areas.
One non-invasive method that can be used effectively in humid, mountainous areas is the radon emanation method (Ku et al., 1977; Krishnawamis et al., 1982; Davison and Dickson, 1986; Ku et al., 1992; Ackerman, 1995; Ku et al., 1998; Brance and Xu, 2002) . Levin (2000) applied this method as a tool in groundwater exploration in South Africa, where the passive Radon Gas Monitor (RGM) is used for locating permeable geological structures such as faults, shears and fractures. The limitation of the RGM method is that it is slow as it takes 2 or 3 weeks for obtaining final results.
Radon is a daughter product of uranium, thorium and radium. Uranium-and thorium-decay series disequilibria occur in groundwater as a result of water-rock interactions, and they provide site-specific, natural analog information for assessment of in situ, long-term migration of radionuclides in fracture systems.
The shallow subsurface in the Guanyinyan study area, China, is characterised by extensive fractures that are oriented NE, NW and EW. These fractures have lengths of about 200 to 300 m, and are spaced about 1 to 7 m from each other. The bedrock is sandstone and mudstone overlain by a thin scrap of rocks and soil. These fractures are important from a hydrological perspective because it is planned to build a dam in this locality.
The technique discussed here has positive implications for borehole siting in South Africa where most aquifers are fractured rock, such as the Malmesbury Group and Table Mountain Group aquifers. Some of the fractures in these terrains have been multiply reactivated, and are characterised by deep groundwater flow. To locate optimal sites of water supply boreholes in fractured aquifers, it is necessary for the hydrogeologist to establish occurrence of the water-bearing open fractures. This method can be used to enhance success rates of borehole siting for groundwater supply and research.
Radon transfer within a hydrological system
In a rock formation that is sufficiently old for the daughter nuclides to have grown into secular equilibrium, the activity of a parent nuclide is identical to that of its daughter nuclides. When the rock is in contact with groundwater such as in active structures, e.g. landslides, radioisotopes will redistribute themselves between the rock and water as a result of dissolution-precipitation, sorptiondesorption, groundwater movement, and nuclear processes such as alpha recoil and radioactive decay, causing parent-daughter disequilibria (Ivanovich et al., 1992) .
From the distribution of Rn, water-rock interactions and their effects on Rn transport in the aquifer or fracture were determined, including:
• in situ sorption-desorption rate constants and retardation factors of radionuclides; • rates of precipitation and dissolution of minerals and their influence on radionuclide transport; and • time of groundwater circulation in the aquifer. The latter also serves to delineate groundwater flow pathways at the site (Luo et al., 2000) . U ratios in the aquifer suggest that dissolution and precipitation exert an important control on the U isotopes in the groundwater.
Variations of Rn may provide information on the characteristics of the fracture network. In addition, Rn in groundwater may emit such that it accumulates underneath the soil layer.
The movement of dissolved radionuclides in groundwater is retarded by processes such as adsorption, ion-exchange, surface complexation, membrane filtration, diffusion into blind pores, and chemical precipitation (Neretnieks, 1980) . The relationship among the decay-series, isotope distributions in dissolved, sorbed, and solid pools, in situ chemical, geological and hydrological processes is discussed using a mass-balance modelling approach (Luo et al., 2000) . However, Rn, in whatever forms present in the water, or rock, can accumulate if the fracture is open.
For groundwater systems with higher 222
Rn activity, the fracture width or aperture can be even smaller. This suggests that the observed 222 Rn originates mainly from the nano-pores of rocks (Rama and Moore, 1984) , and probably implies that the 222 Rn ejected from rocks by alpha-recoil can readily dissolve in interstitial waters within microfractures and then rapidly travel to larger fractures and sampling holes. If diffusion of radon from the small to large fractures is slow (i.e., the radon activities in larger fractures are much lower than in the microfractures), an open fracture can only be detected if 222 Rn concentration in the fracture reaches a certain detection limit.
Studies of radionuclide transport in fracture systems based on naturally occurring decay-series disequilibria, such as the multipletracer approach of the present study, have the advantage of obtaining In situ sorption/retardation information integrated over a range of time scales. However, a detailed characterisation of the systems faces the limitation of inadequate constraints on the physical, chemical, and geological processes which control the nuclide distribution among various geochemical reservoirs. Some studies show that the size and density of micro-fractures, or the surface area of rocks available for rock-water interaction, exert an important control on radionuclide transport (Luo et al., 2000) .
The half-life of radon is 3.825 d. It migrates upwards from a few metres to several hundreds of metres within the unsaturated zone. The concentration of Rn is a measure of the fracture system because Rn accumulation is contained under certain soil cover. The concentration of Rn therefore indirectly reflects the character of the fracture. The openness of the structure can be inferred. Therefore it can be postulated that the structure is associated with circulation of groundwater. Concentration detected in soil is taken as proportional to fracture openness.
Radon and most of its daughter and parent nuclides are decaying isotopes that are able to radiate α-particles. After disintegration, 4 He can combine with radon and its daughter and parent nuclides to form clusters. When the buoyancy of air is greater than the gravity of clusters, self-ascending occurs. The factors that influence migration of Rn are effects of, amongst others, Van der Waals force, temperature, pressure contrast, convection and motion of groundwater.
Methodology
A mass balance model can be used to relate the decay-series radionuclide distributions among solution sorbed and solid phases in an aquifer system to processes of water transport, sorptiondesorption, dissolution-precipitation, radioactive in growth-decay, and ±-recoil (Luo et al., 2000) . The method of the observed disequilibria places the following constraints on the time scale of radionuclide migration and water-rock interaction in the field:
• The time for sorption is in the order of minutes for Ra and Th; the time for desorption is in the order of days for Ra and years for Th; and the time for precipitation is in the order of days for Th, years for Ra, and centuries for U.
• The decay of the sorbed parent radionuclides (e.g. He. The formed clusters migrate as bubbles in groundwater. When measuring Rn the alpha-card or alpha-cup methods are used. The former instrument makes use of metal slices of static electricity to gather Rn and requires little time to take the measurements, while the latter uses absorbent charcoal to collect Rn and needs longer time.
Instrumentation for the alpha-card method consists of a gas pump and measuring platform. The gas pump is used to pump and store gas from the earth. Rn in the pump decays and forms RaAparticles. The RaA -particles are positively charged particles. RaA is probed after collected by negative high-voltage metal slices with the instrument. This represents the proportional intensity of radioactivity which is directly proportional to the concentration of Rn (Eq. (1)).
where: C Rn = concentration of Rn (Aman) N RaA = pulse number of RaA J = coefficient of concentration.
By this measure, the distribution of the Rn concentrations may indicate the character of a fracture, and indicate water-bearing structures.
Field method
When the above theory is implemented in the field, the particular procedure that should be adopted is outlined below:
• Set up the instrument;
• Drill a hole up to the depth of about 600 -1 000 mm, and insert the sampling pipe into the hole; • Insert the metal collector plate into the collector box of instrument; • Pump out the air from the hole; • Collect the RnA nuclides using the metal collector plate at high voltage; • Count the RnA pulses in the measurement box after 3 to 5 minutes or more; • Note down the RnA pulses.
After one site is completed, one may move onto the next point and drill a new hole, and follow the rest of the procedure. This procedure will continue until the whole sampling grid is covered. Low opening area <100 Original structure, filled fracture Middling opening area 100 to 200
Rebuilt structure, half filled, thin and extended short net fracture High opening area >200 Smashed structure, no fill, big and extended long fracture
